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(54) Boundary scan cell 




(57) A scan cell design includes a bypass mode in 
which the scan input (SI) of the cell is connected directly 


to the scan output of the cell by a connection that by- 
passes the scan memory (Ml ) of the celt. 
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Description 

FIELD OF THE INVENTION 

The invention relates to test and evaluation of inte- 
grated circuit (IC) operation and, more particularly, to re- 
al time observation of selected nodes of an integrated 
circuit. 

BACKGROUND OF THE INVENTION 

Figure 1 illustrates what is commonly called full 
scan design. In this conventional scan design style, all 
functional memories (flip flops/latches) of an IC are sep- 
arated from combinational logic and are made scanna- 
ble by including a multiplexer (1 ) in front of each memory 
(Ml ). Since functional memories are shared for test, this 
scan design style has very low test circuit overhead. 
During functional operation, the multiplexer connects 
Ml to combinational logic lo complele the circuit. During 
test operation the multiplexer allows M1 to capture data 
from the combinational logiC: shift data between Mis, 
and output data to the combinational logic. During test 
the Circuit is not functional since the multiplexer breaks 
the normal connection between Ml and the combina- 
tional logic during shift (scan) operations. Testing of the 
combinational logic is accomplished by these capture, 
shift, and output steps. Control input (CTL) to operate 
Ml and multiplexer 1 in test mode typically comes from 
a serial test bus interface on the IC, such as the IEEE 
1149.1 test access port (TAP). 

In microprocessors, microcontrollers, and digital 
signal processors, for example, the full scan design of 
Figure 1 can be used for emulation operations. In such 
emulation operations, the steps of (1) scanning the scan 
path to load state data. (2) enabling the processor to 
execute for a predetermined period of time, (3) halting 
the processor, and (4) scanning the scan path to exam- 
ine the internal states of the processor, are typically re- 
peated. Such emulation operations are particularly use- 
ful when developing program code to be executed by 
the processor. 

Figure 2 illustrates a different conventional scan ap- 
proach whereby the scan cells are basically placed or 
inserted into functional signal paths of a circuit. The logic 
associated with these scan cells are dedicated to test 
and not shared for functional purposes. During normal 
operation the scan cells make the functional circuit con- 
nections by the Dl to DO path shown through multiplexer 
2. While in functional mode the scan cell can capture 
and shift out data without disturbing normal operation of 
the circuit since their M1s are not used functionally. 
When placed in test mode, the functional path between 
Dl and DO is broken and the output of Ml is input to the 
circuit input via multiplexer 2 Testing is similar to that 
described in Figure 1 . An additional control signal is re- 
quired to operate multiplexer 2. 

Figures 3 and 4 illustrate conventional boundary 



scan approaches. Boundary scan applies scan cells be- 
tween the IC's I/O pads and core circuitry. During func- 
tional mode the boundary scan cells allow normal I/O 
operation. While the I C is in normal mode the boundary 

5 scan cells can be controlled to capture and shift out data 
since they are dedicated test logic. During test mode the 
normal mode of the IC is disabled and the boundary 
scan cells are used to capture and shift out data from 
input pads and shift in and output data to output pads. 

10 The input boundary scan cells of Figure 3 only allow cap- 
ture and shift out operations at input pads, i.e. no output 
capability. The input boundary scan cells of Figure 4 ad- 
ditionally provide for shifting in and outputting data to 
the core logic. Boundary scan cells that output data re- 

15 quire the data to be held during shift operations. Such 
boundary scan cells require a second memory (M2) 
which is used to hold data to the core/pad until Ml inputs 
new data to M2. 

In summary, scan path design is a common test 

20 technique for integrated circuits. Scan paths are made 
by serially connecting a number of scan cells. The scan 
cells are used to test functional circuits within ICs or to 
perform boundary scan testing at the I/O of ICs. To test, 
scan celts must be coupled to internal circuit nodes or 

25 to I/O pads of ICs. To access scan colls, a serial scan 
path and a control path are routed to each scan cell. 

The present invention takes advantage of the fact 
that, (1) scan cells are connected by a serial scan and 
control path routed through the IC. and (2) scan cells 

30 are coupled to internal nodes and/or to I/O pads of the 
IC. The invention adds a small amount of circuitry to 
modify existing scan cells to enable them to selectively 
output real time internal node or I/O pad signal activity. 
The ability to select a node or I/O pad associated with 

35 a scan cell and route that signal off chip enables many 
forms of testing that today are not possible. Because the 
invention makes use of existing scan path routing and 
scan cell circuitry, the overhead of the approach is low. 

-^0 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will how be further described, 
by way of example, with reference to the accompanying 
drawings in which:- 
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Figures 1-4 illustrate conventional scan cell ar- 
rangements: 

Figures 5 and 6 illustrate exemplary internal scan 
designs according to the present invention. 

Figure 6A illustrates a multiplexer of Figures 5-6: 

Figures 7 and 8 illustrate exemplary boundary scan 
designs according to the present invention. 

Figures 9A-9F illustrate the observation capability 
provided by the internal scan designs of Figures 
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5-6; 

Figures 10A-10E illustrate the observation capabil- 
ity provided by the boundary scan designs of Fig- 
ures 7-8: 

Figure 11 is a board-level example of the observa- 
tion capability o1 the present invention; 

Figure 12 illustrates a prior art arrangement of scan 
paths in an integrated circuit; 

Figures 13-14 illustrate a bussed test output feature 
according to the present invention; 

Figure 1 5 illustrates an exemplary alternative to the 
internal scan design of Figure 5; 

Figure 15A illustrates a multiplexer of Figure 15; 

Figure 15B illustrates a memory element of Figure 
15; and 

Figures 16 and 17 illustrate further exemplary 
boundary scan designs according to the invention. 

DETAILED DESCRIPTION. 

Exemplary Figure 5 shows how the scan cells of 
Figure 1 can be upgraded with a small amount of circuit- 
ry to realize the invention. The added circuitry, shown 
shaded, includes a second memory (M2) and multiplex- 
er 2. M2 is loaded from the Ml following a scan opera- 
tion. Data in M2 and control from CTL determines which 
input to multiplexer 2 is output from multiplexer 2 During 
scan operations. CTL always forces multiplexer 2 to out- 
put data DO from Ml to the next scan cell's SI (scan) 
input. While scanning is not being performed, CTL is re- 
leased (inactive) to allow the multiplexer 2 to be pro- 
grammed by data from M2 to select either SI or Dl to be 
output from multiplexer 2. If programmed to output Dl. 
the OUT node for the combinational logic will be output 
from Multiplexer 2, otherwise SI is output. If OUT is se- 
lected, the scan ceil is in observation mode and will pass 
signal activity on the OUT node to the next scan cell's 
SI input. If SI is selected, the scan cell is in bypass mode 
and will pass the SI Input to the next scan cell's SI input. 

In Ihe scan palh of Figure 5 it is seen lhal il the first 
(leftmost) scan cell is programmed to be in observation 
mode and the following scan cells are programmed to 
be in bypass mode, the OUT signal associated with the 
first scan cell will be passed through the scan path to 
the scan path's SO output. Further it is seen that if the 
second scan cell is in observation mode and the follow- 
ing scan cells are in bypass mode, the OUT signal as- 
sociated with the second scan cell will be passed to SO. 
This process of placing a selected scan cell in observa- 
tion mode while other scan cells are placed in bypass 
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mode enables real time observation at SO of any signal 
node associated with a scan cell in an IC. 

The overhead of this approach relative to Figure 1 
is low because the observation occurs over existing 

S scan path wire routing and the circuit area added to each 
scan cell is small (M2 & multiplexer 2). M2 is required 
in the full. scan design of Figure 5 because Ml is func- 
tionally used and therefore cannot be used as a pro- 
gramming input to multiplexer 2. The ability to select and 

10 examine the real time operation of every node associ- 
ated with a scan cell in an IC is realized by this small 
amount of overhead. 

The present invention allows IC manufacturers to 
use the scan path for traditional scan testing, and then 

75 reuse the scan path as an embedded real time obser- 
vation structure to view internal activity at each circuit 
node associated with a scan cell. The ability to use the 
invention to select and observe internal nodes of an IC 
while the IC is being functionally tested on a tester pro- 

20 vides a new type ol lesling thai improves an IC manu- 
facturer's ability to detect and diagnose at-speed func- 
tional failures. Such tests can be repeated after I Cs have 
been assembled onto boards. 

Another benefit of the invention relates to emula- 

2S tion. In traditional emulation as described above, state 
data observation is only available at the end of execution 
via the scan out operation. However, the present inven- 
tion allows state data visibility during execution as well. 
The ability to view a selected node within an IC during 

30 execution adds a new dimension to the prior art of em- 
ulation. 

To use the invention in the full scan design of Figure 
5 for at-speed visibility of internal nodes during function- 
al testing or during emulation requires a special scan 

35 Operation be defined. This scan operation, referred to 
as observation/bypass data scan, is different from other 
scans in that it causes data scanned into the Ml s to be 
updated into the M2s. Other scan operations do not up- 
date data from Ml into M2. 

40 In Figure 5, it is seen that the Mis serve three pur- 
poses. First, they serve as functional memories for the 
IC. Second, they serve as scan memories for traditional 
test and emulation operations. Third, they serve as input 
memories from which to load observation/bypass data 

■^s into the M2s. The observation/bypass data scan allows 
loading (updating) the M2s with a pattern used to select 
the node to be observed. After loading the observation/ 
bypass pallern inlo the M2s, another scan operation is 
required to load into the Mis the staiting data state from 

so which the IC will begin executing. Since the starting 
state pattern is the last pattern scanned into the Mis be- 
fore the test or emulation operation begins, that pattern 
is not updated from Ml to M2 because this would write 
over the previously established observations/bypass 

55 pattern in the M2s. 

Exemplary Figure 6 Illustrates the addition of multi- 
plexer 3 to the scan cell of Figure 2 to realize another 
embodiment of the invention. The reason only multiplex- 
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er 3 is required is that Ml can be used, while the IC is 
in normal functional mode, to program multiplexer 3. Ex- 
cept for Ml substituting for M2. the structure and oper- 
ation of the added circuitry is the same as that described 
in Figure 5. Also the same benefits as described in Fig- 
ure 5 apply to the scan ceil arrangement of Figure 6. It 
is important to note that since the scan cell circuitry of 
Figure 6 is dedicated for test, the function of the circuit 
is not disabled during scans that set up testing or obser- 
vation functions. 

Figure 6A illustrates a multiplexer that could serve 
as multiplexer 2 of Figure 5 or multiplexer 3 of Figure 6. 
During scan operations, CTL input forces the output of 
M1 to the multiplexer output. During non-scan times, 
CTL is released to allow the data in Ml (Figure 6) or M2 
(Figure 5) to program the multiplexer to output either SI 
or Dl. 

Exemplary Figures 7 and 8 illustrate the invention 
being applied to boundary scan design styles. In both 
figures, a multiplexer 2 or 3 provides the boundary scan 
cells with observation mode and bypass mode. The in- 
put boundary scan cells of Figure 7 reuse test memory 
Ml to program the added multiplexer 2 as described in 
Figure 6. The output boundary scan cells of Figure 7 
reuse test memory M2 to program the added multiplexer 
3. The input and output boundary scan cells of Figure 8 
both reuse test memory M2 to program the added mul- 
tiplexer 3. The structure and operation of the observa- 
tion circuitry is the same as previously described Like 
the scan cells of Figure 6. the boundary scan cells of 
Figures 7-S are dedicated for testing, and scanning can 
be performed to set up real time pad observation without 
disabling the IC. 

Designers/manufacturers can use the boundary 
scan path of Figures 7-8 for traditional IC to IC intercon- 
nect testing and then reuse the boundary scan path as 
an embedded real time I/O observatbn structure to view 
signal activity at each IC pad. This capability adds value 
to the manufacturer's IC since it provides system de- 
signers with a way to view the IC's I/O activity in real 
time. It is almost equivalent to having a logic analyzer 
coupled to each IC pin. The invention is useful in fielded 
systems where its on-line monitoring method can be 
used to detect early indications of system problems. Al- 
so the invention can be used as an aid to repairing and 
maintaining systems. Further the invention can be used 
to provide on-line I/O visibility during system software 
debug, system emulation, and hardware/software inte- 
gration. 

Figures 9A through 9F illustrate the observation ca- 
pability provided by the internal scan path designs of 
Figures 5 and 6. Figure 9A shows the data path flow 
between the serial input (SI) and serial output (SO) of 
the IC scan path when all scan cells (SC) are in their 
bypass mode. Figure 98 shows the first scan cell set up 
in its observation mode while the other scan cells are in 
bypass mode. Figures 9C-9F show that all nodes asso- 
ciated with all scan cells can be made observable at the 



serial output. 

Figures 10A through 10E illustrate the observation 
capability provided by the boundary scan designs styles 
of Figures 7 and 8. Figure 10A shows the data path flow 

5 between the serial input (Si) and serial output (SO) of 
the IC boundary scan path when all scan cells (SC) are 
in their bypass mode. Figure lOB shows the first scan 
cell setup in its input pad observation mode while the 
other scan cells are in bypass mode. Figures 10C-10E 

^0 show that all input and output pads associated with 
boundary scan cells can be made observable at the se- 
rial output. 

Figure 11 illustrates conceptually the steps of how 
a scan controller would access a series of ICs (1-4) on 

'5 a board using the observation feature of the invention. ^ 
In the first step the scan controller flushes data through 
the scan path of the ICs. which are in the bypass mode 
of the invention. The second step shows the scan con- 
troller having setup IC1 for observation of its I/O pads 

20 and/or tnlernal nodes while the other ICs are in bypass 
mode. In this arrangement, any node or I/O pad of IC1 
can be selected for observation and output to the scan 
controller via ICs 2. 3 & 4. The other steps simply indicate 
how each remaining IC in the scan path is accessed for 

25 real time observation. 

Figure 12 illustrates a conventional parallel ar- 
rangement of scan paths inside an IC. The IEEE 1149 1 
Boundary Scan Standard teaches the use of such par- 
allel scan path arrangements. MX in Figure 12 desig- 

30 nates a multiplexer. A straight wired connection be- 
tween SI and SO, is indicated by broken line. If the 
straight wired connection between SI and SO is availa- 
ble, the observation signal being input to SI from a lead- 
ing IC could simply go to SO through the wire rather than 

35 through a scan cell (or cells) in bypass mode. Use of the 
invention in IEEE 1149.1 architectures requires that the 
serial output buffer 120 not be 3-stated during times 
when the observation and bypass modes are used, 
since this would block the signal flow through ICs in the 

•^0 scan path. 

Figure 1 3 illustrates an alternate way to transmit da- 
ta from the IC during observation and bypass modes. 
An additional test output pin (or terminal) TO is added 
to the IC to output data during observation and bypass 

-^5 modes of a selected scan path. The TO pin is 3-state so 
that multiple ICs can have a bussed TO connection at 
the board level. The TO pin provides an improvement 
over using SO in thai the TO pin can be directly wiied 
to a scan controller, i.e. the data during observation does 

so not have to be passed through other ICs in the scan path 
as was shown in Figure 11. Passing the observation da- 
ta through many ICs can delay the data arrival to the 
scan controller. Using TO, the data would be output from 
the IC directly to the scan controller. 

55 Figure 14 illustrates conceptually the steps of how 

a scan controller would access a series of iCs (1-4) on 
a board using the observation feature of the invention 
and the TO pin. In the first step, the TO's of all ICs are 
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disabled. The second step shows the scan controller 
having set up IC1 for observation of its I/O pads and/or 
internarnodes using TO while the TO's of the other ICs 
are disabled. In this arrangement, the data from an in- 
ternal node or I/O pad of IC 1 can be selected for obser- 
vation and output directly on TO to the scan controller, 
whereas the data in Figure 11 had to pass through each 
trailing IC in the scan path. The other steps simply indi- 
cate the enabling of TO real time observation of each 
remaining IC in the scan path. 

Exemplary Figure 15 shows an alternative to the 
scan design of Figure 5. This alternate design provides 
advantages in the amount of circuitry required. Like Fig- 
ure 5. the Figure 1 5 scan cells include a second memory 
(M2) and a multiplexer 2. Also, M2 is loaded from the 
Ml dunng an observation/bypass scan operation and 
the output from M2 controls which input to multiplexer 2 
is output from multiplexer 2. During scan operations, 
CTL always forces multiplexer 2 to output data from M 1 
to the next scan cell's SI input. While scanning is not 
being perforined. CTL is released to allow the multiplex- 
er 2 to be programmed by data from M2 to select either 
SI or Ml data to be output from multiplexer 2 (see AND 
gate in Figure 15A). If programmed to output Ml data, 
the IN node to the combinational logic will be output from 
Multiplexer 2, otherwise SI is output. If IN is selected, 
the scan cell is in observation mode and will pass signal 
activity on the IN node to the next scan cell's SI input. If 
SI is selected, the scan cell is in bypass mode and will 
pass the SI input to the next scan cell's SI input. 

Multiplexer 2 of Figure 15 is only required to be a 
two input multiplexer compared to the 3 input multiplexer 
of Figure 5. This reduces the multiplexer circuitry by ap- 
proximately 33%. The reason a two input multiplexer 
can be used in Figure 15 Is that the IN node to the com- 
binational logic is selected to be the observation point, 
instead of the OUT node from the combinational logic 
in Figure 5. Since the Ml output is already an input to 
the multiplexer and since the Ml output is the IN node 
to the combinational logic, observation of the IN node 
instead of the OUT node eliminates a multiplexer input. 
The operation of the observation method is otherwise 
the same as previously described. This savings in mul- 
tiplexer circuitry is important in full scan designs, like 
Figure 1 . because potentially thousands or tens of thou- 
sands of nodes will be associated with respective MIs. 
If a three input multiplexer were used instead of the two 
input mulliplexei. Ihe additional circuitry required to 
achieve the observation capability of the invention 
would increase by approximately 33% on each node. 
This 33% increase would be multiplied by the number 
of nodes in the circuitry, which as mentioned could be 
In the thousands. 

Also shown in Figure 1 5B is an example of a mem- 
ory that can serve as M2. Since M2's have a minimal 
output load and since performance is not an important 
factor in the design, a switch (S) and bus holder (BH) 
can serve as M2. The switch is momentarily closed dur- 



ing each observation/bypass scan operation to input 
control to multiplexer 2. After the switch opens, the bus 
holder maintains the control to multiplexer 2. Again, min- 
imizing the circuitry of M2 is important since, in full scan 

5 designs, an M2 will be required to be added to each IN 
node of the circuit. The circuitry of M2 and multiplexer 
2 could be further reduced by integrating them into one 
optimized circuit 

While the approach of the inventbn has been 

fo shown as it would apply to accessing data for testing. It* 
should be clear that this approach could be used to ac- 
cess data for other purposes as well. 

Exemplary Figure 16 shows boundary scan cells 
placed on a bi-directional (I/O) pad of an IC. The IC core 

'TS circuitry has an enable output (ENA) which controls the 
3-state output buffer 161 connected to the I/O pad, a 
data output (OUT) which drives the I/O pad when the 
3-state output buffer is enabled, and an input (IN) which 
receives data from the I/O pad via input buffer 163. The 

20 boundary scan cells on the ENA, OUT, and IN paths 
each include the real time data observation and bypass 
features as described in the boundary scan cells of Fig- 
ures 7 and 8. The input and output buffers are shown in 
Figure 16 to indicate the I/O operation. For simplicity. 

25 the input and output buffers wore not shown in the pre- 
vious example Figures, but it should be understood that 
they exist. 

In Figure 16, it is possible to use the invention to 
observe the data from the I/O pad via the input boundary 

30 scan cell (bottom cell). It Is also possible to observe the 
IC core output data via the output boundary scan cell 
(middle cell). Further, it is possible to observe the enable 
output from the IC core via the enable boundary scan 
cell (top cell). Since the input boundary scan cell ob- 

35 serves the I/O pad data. It actually provides observation 
of both input and output data flow through the I/O pad. 
Realizing that the IC output data observable by the out- 
put boundary scan cell is a subset of the I/O data ob- 
servable from the input boundary scan celL it is possible 

-^0 to optimize the boundary scan cell and observation cir- 
cuitry as shown in Figure 17. 

In Figure 17 the Input boundary scan cell has been 
removed from the I/O pad. Also, multiplexer i of the out- 
put boundary scan cell has an additional input to receive 

-^5 the data from the I/O pad and an additional control input . 
from the enable boundary scan cell output. The addi- 
tional control input determines whether output data from 
the IC core or Ihe data from Ihe I/O pad is captured inio 
Ml via multiplexer 1 during traditional boundaiy scan 

so testing. Further, multiplexer 3 of the output boundary 
scan cell has the data from the I/O pad connected as 
the observation data instead of the output data from the 
IC core as shown in Figure 16. 

In the optimized boundary scan cell arrangement of 

55 Figure 1 7 it is seen that only the IC enable output, or the 
data appearing at the I/O pad are real time observable 
using the invention However, since the data appearing 
at the I/O pad Is both input data to and output data from 
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the IC. no loss in data obsen/ation results fronn the circuit 
optimi7ation shown in Figure 17 compared to the non- 
optimized circuit shown in Figure 16. 

Although exemplary embodiments of the present in- 
vention are described above, this description does not 5 
limit the scope of the invention, which can be practiced 
in a variety of embodiments. 

Claims 

1 . A scan cell, comprising: 

a scan input; 
a scan output; 

a memory circuit connected between said scan 

input and said scan output: and 

circuitry for bypassing said memory circuit to 

connect said scan input directly to said scan 

ouipui. 

2. A method of operating a plurality of serially-con- 
nected scan cells, comprising the steps of: 

placing one of the scan cells in an observation 2S 
mode wherein a data node thereof connected 
to a target circuit to be evaluated is also con- 
nected directly to a scan output of said one scan 
cell: and 

while said one scan cell is in the observation 30 
mode, placing another of the scan cells in a by- 
pass mode wherein a scan output thereof is 
connected directly to a scan input thereof. 

35 
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FIG. 1 1 
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